Phase morphology and fracture behaviour of CNT and thermoplastic modified epoxy ternary nanocomposite by different processing methods Abstract. Light weight vehicle design is a principal keystone to improving fuel efficiency and vehicle performance whilst reducing adverse environmental impacts. At this point, graphene is a solution with a high potential to further reduce vehicle weight and improve mechanical and thermal properties. With a unique combination of mechanical, thermal and electrical properties, graphene shows great potential for exploitation in the automotive industry. In the present work, we developed a technology for the production of graphene nanoplatelets (GNP) from recycled carbon black obtained from the pyrolysis of waste tire by using recycling and upcycling technology. This graphene is comparably cheaper than available ones in the market. This graphene as a reinforcing and nucleating agent was used to reduce glass fiber amount for the production of cost-effective and light-weight automotive plastic composite part by extrusion and injection techniques. With this newly developed compound, polyamide 66 (PA66) based automotive part was produced by the integration of 1 wt% GNP and providing 10% weight reduction. Consequently, this multidisciplinary work will favor the integration of new knowledge and will ensure significant innovation potential in the field of new thermoplastic based composites for the automotive industry.
INTRODUCTION
The automotive sector is responsible for nearly one third of global energy demand, being the major source of pollution and greenhouse gas emissions in urban areas [1] . This has led to many governments adopting stringent environmental sustainability measures, with the EU for example, setting a CO2 emission target of 75 g CO2/km by 2025 for vehicles. The most promising way of achieving this is by reducing vehicle weight which is a major determinant of fuel consumption rates and has been a constant design concern since the dawn of automobile engineering. Studies show that cutting a vehicle's weight by a mere 10% improves the fuel economy by 6-8% and reduces CO2 emissions by 15-20 g/km travelled [2] . Adoption of advanced composites reinforced by glass fiber leads to a drastic weight reduction in vehicle components. Current glass fiber composites have been highly recommended by the automotive industry due to their advantages: 50-60% weight reduction vs steel, enable one-piece manufacture, design flexibility, reduced tooling costs, better mechanical and corrosion resistance. However, the automotive sector still considers them heavy, giving rise to opportunities for further weight reduction due to their density. Herein, graphene shows great potential for exploitation in the automotive industry with its unique characteristic mechanical and thermal properties [3, 4] . Among engineering plastics, polyamide (PA), referred as nylon, has distinguished characteristics such as toughness, elasticity, excellent resistance to chemical agents, good flame resistance, and increased tolerance at high temperature. In the literature, there are several attempts for the fabrication of graphene reinforced PA6, PA66 and PA12 composites but most of work have focused on the dispersion of graphene oxide during in-situ polymerization or solution coagulation [5, 6] . These mentioned techniques can provide solutions for the agglomeration of graphene sheets in bulk systems but these techniques require much more solvent and thus waste management become a serious problem. At this point, melt-compounding is the feasible and widely used technique and also provide advantages in high efficiency and low cost. However, the high cost of graphene is one of the major obstacles to its widespread adoption for commercial applications. Another huge hurdle for commercializing graphene is the lack of an industrially applicable process for large-scale production of high quality graphene at a low cost and in a reproducible manner. In addition, usage of toxic chemicals in the conventional methods used for the synthesis of graphene which results in the generation of hazardous waste and poisonous gases [7] .
In the present work, it is aimed to produce new PA-based compounds having low glass fiber and graphene by melt compounding technology to fulfil automotive standards and formulate the recipe for new polyamide compound using hybrid approach (glass fibers and graphene). The developed process provided homogeneous dispersion of graphene nanoplatelets produced from recycled carbon in PA matrix at low ratios and thus resulting in the fabrication of graphene reinforced plastics for low weight automotive parts.
MATERIALS AND METHODS
Instead of graphite as a starting material for the production of graphene, NANOGRAFEN produces near prime graphene-like nanoplatelets (GNP) form recycled carbon obtained from the pyrolysis process of waste tire by applying chemical treatments. Nanographene can produce graphene as about 500 kg/month with a minimum of 10-ton waste tyres being pyrolyzed per day and 40% of this process producing carbon materials. Figure 1 represents the schematic representation of graphene manufacturing process from recycled carbon produced from the pyrolysis of waste tire. After the investigation of its characteristic properties by spectroscopic and microscopic techniques, compounding process was performed by thermokinetic mixer and twin screw extruder for the development of recipe for manufacturing graphene masterbatch and graphene/glass fiber polyamide compound. Specimens for flexural and tensile tests were prepared by injection moulding. Mechanical properties of specimens were investigated by Universal Testing Machine. High resolution transmission electron microscopy (TEM) and scanning electron microscopy (SEM) were used to observe the morphology and the dispersion behavior of graphene sheets in cross-sections of composites. 
RESULTS AND DISCUSSIONS
Before compounding process, the detailed characterization was carried out to examine the structural and morphological properties of GNP. Figure 2a represents TEM image of GNP having an average size of 50 nm plates resulting in better dispersion properties since conventional graphene platelets have a big particle size (5 microns=5,000nm). In addition, GNP has a specific surface area of 85 m 2 /g with a chemical composition of 9.1 at% oxygen functional groups. Figure 2b exhibits Raman spectrum of GNP having the prominent characteristic D and G bands and a flat 2D region like graphene oxide produced by Hummers' method [7, 8] . A relatively high ratio of D/G intensity in the Raman spectrum of GNP verified an amorphous structure and the presence of single platelets. The dispersion of graphene sheets during melt compounding is the challenging issue since graphene sheets can restack leading to the stress concentration sites [9] . At this point, process parameters and mixing technique have a great influence on the dispersion state of graphene in the matrix. In the present work, GNP was dispersed at high loading ratio of 10wt% by thermokinetic mixer under high shear rates at melt-phase in order to produce masterbatch. Table 1 summarizes tensile and flexural test results of neat PA66 and 10wt% GNP reinforced PA66 masterbatch produced by thermokinetic mixing. Tensile modulus of 10wt% GNP/PA66 was increased by 43% but there is a decrease in tensile strength as about 8%. This stems from an increase in brittleness by the addition of graphene especially at high strain and thus a low tensile strength is observed. On the other hand, flexural modulus and strength values were enhanced by 23.5% and 9.6%, respectively. The results indicated that applied high shear rates at melt phase increased the diffusion of polymer chains through graphene platelets and thus provided exfoliated structure. In order to understand the dispersion state of GNP, a microtomy analysis was carried out by TEM. Figure 3 exhibits cross-sectional analysis results of 0.5 wt% reinforced PA66 nanocomposite specimen. The dispersion of layers was clearly seen in the matrix in Figure 3a and separated GNP was observed with the average plate size of 50 nm at higher magnification as seen in Figure 3b which is complementary with Figure 2a . Table 2 gives mechanical properties of glass fiber reinforced PA66 and GNP/Glass fiber reinforced PA66 composites produced by twin-screw extrusion. In order to monitor the effect of GNP in glass fiber reinforced PA66 matrix, just 1wt% glass fiber was reduced and replaced with 1 wt% GNP. The integration of GNP led to an increase in tensile modulus, flexural modulus and flexural strength. Also, elasticity modulus and impact strength values were enhanced by adding 1wt% GNP. These findings confirmed that GNP showed proper wettability due to the presence of surface oxygen groups in its structure resulting in exfoliated structure. In addition, enhancement of strength values is a good indication for uniform dispersion of GNP. Furthermore, polymer matrix was chosen as PA66 since it is a semi-crystalline thermoplastic polymer composed of a rigid crystalline phase and an amorphous phase. Graphene can act as both reinforcing and nucleating agent that can strengthen the voids and improve the interfacial interactions. Regarding DSC results, glass transition temperature of glass fiber reinforced PA66 increased from 42.1 to 50.6 o C by the integration of 1wt% GNP and thus this alteration supported the nucleation effect of GNP in the matrix. In the proof of concept study, clutch pedal was chosen as a reference part in the utilization of graphene in automotive by injection process. In comparison of conventional part, the weight reduction was provided as about 10% by reducing glass fiber amount and using graphene as a reinforcement. Also, cost was decreased down to 15% by decreasing production cycle time.
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CONCLUSIONS
In the present work, automotive plastic part was successfully produced by injection process in cost-effective manner by providing light-weighting as 10% by using graphene obtained from recycled carbon. A key challenge in the wide spread use of graphene is its high cost because of the source of the graphene (graphite) and the current production methods. Our starting material is recycled carbon produced from waste tires and we use a simple and robust production process, which lowers the graphene price drastically. Ease dispersion of graphene was achieved in PA66 matrix the due to the nature of graphene having surface oxygen functional groups that can make covalent interactions by improving interfacial interactions. Therefore, GNP was compounded with glass fiber and PA66 by twin screw extrusion effectively. These new hybrid compounds have a great potential to be used in engine components (e.g. oil pan), plastic structural parts (e.g. FEM, pedals), metal plastic hybrid structural parts (e.g. traverses, brackets) and underhood components (e.g. engine under cover) in automotive industry. Conclusions, graphene reinforced thermoplastic nanocomposites are promising materials for next-generation automobiles with the reduction in weight, CO2 emission and fuel consumption.
